Although the fugu Takifugu rubripes has attracted attention as a model organism for genomic studies because of its compact genome, it is not generally appreciated that there are approximately 25 closely related species with limited distributions in the waters of East Asia. We performed molecular phylogenetic analyses and constructed a time tree using whole mitochondrial genome sequences from 15 Takifugu species together with 10 outgroups to examine patterns of diversification. The resultant time tree showed that the modern Takifugu species underwent explosive speciation during the Pliocene 1.8-5.3 Ma, which is comparable with that of the Malawi cichlids and tropheine cichlids in Lake Tanganyika. Considering their limited distributions and remarkable variations in coloration, morphology, and behavior, the results of the present study strongly suggest that Takifugu species are strong candidates as a model system for evolutionary studies of speciation mechanisms in marine environments where few such organisms are available.
Introduction
Studies of closely related species are useful to characterize the genetic framework of phenotypic differences. For example, the freshwater fish family Cichlidae includes potentially over 1,000 of closely related species that inhabit the Great Lakes of East Africa (FishBase [www.fishbase. org/]), and they have become model organisms for understanding the genetic basis of vertebrate evolution due to their species richness and diversity of morphology, coloration, and behavior (Kocher 2004) . Genomic approaches are helping to integrate empirical and theoretical studies by identifying the genes underlying such phenotypic differences among species.
In terms of genomic approaches, however, puffer fishes have a number of advantages over other vertebrates, including cichlids. They have the smallest genome among vertebrates, approximately 400 Mb, which is one-eighth the size of the human genome and less than half those of cichlids (Hinegardner and Rosen 1972) . These compact genomes have essentially the same genes and regulatory sequences as other vertebrates, and less effort is needed to obtain a comparable amount of information. Therefore, two puffer fish, the fugu T. rubripes and the green puffer fish, Tetraodon nigroviridis, were proposed as models for vertebrate genomes (Brenner et al. 1993; CrnogoracJurcevic et al. 1997) . The genomes of the two puffer fishes have been published (Aparicio et al. 2002; Jaillon et al. 2004) , and access to these entire genome sequences and comparative analyses with those of different species are revolutionizing our understanding of how genetic information is stored and organized in DNA, as well as how it has evolved over time.
The puffer fish genus Takifugu successfully speciated and radiated in marine waters around China, Korea, and Japan ( fig. 1) , as is the case with East African cichlids in lacustrine basins. Takifugu does not include a large number of species (25 species vs. over 1,000 East African cichlids), but they speciated under different aquatic environments (mainly marine vs. freshwater cichlids). Although East African cichlids have been studied in detail with regard to various aspects of evolutionary biology, very little is known about Takifugu species in this regard. Information about their phylogeny and evolution will be expected to increase the utility of Takifugu puffer fishes for genomic research.
The whole mitogenome sequences from many teleostean taxa have been determined and used for phylogenetic analyses, which have successfully resolved a number of controversial issues regarding lower level (e.g., Ingman et al. 2000; Minegishi et al. 2005) as well as higher level relationships (e.g., Miya et al. 2001 Miya et al. , 2003 Zardoya and Meyer 2001; Arnason et al. 2002) . The analysis of mitogenomes has been a potent tool in our understanding of phylogenies, owing to characteristics such as general lack of recombination (Olivo et al. 1983) , high substitution rate (Brown et al. 1979) , and maternal inheritance (Giles et al. 1980) , haploidy and the resulting short coalescence time (Moore 1995) . To address questions regarding the phylogeny and evolution of fugu and its close relatives, we used whole mitogenome sequences from 15 Takifugu species and eight other tetraodontids (including 17 newly determined sequences) plus two outgroups.
Materials and Methods

Taxonomic Sampling
We used 15 species of Takifugu in this study, along with eight other species chosen to represent each lineage of tetraodontids. Final rooting was performed using the porcupine fish (Diodon holocanthus) and the three-tooth puffer (Triodon macropterus) based on the phylogenetic tree reported previously (Yamanoue et al. 2008) . All species included in this study are shown in table 1 with DDBJ/ EMBL/GenBank accession numbers.
DNA Extraction, Polymerase Chain Reaction (PCR), and Sequencing A portion of the epaxial musculature (ca. 0.25 g) was excised from fresh specimens of each species and preserved immediately in 99.5% ethanol. Total genomic DNA was extracted using a Qiagen DNeasy tissue kit (Qiagen, Hilden, Germany) in accordance with the manufacturer's protocol. The mitogenomes were amplified in their entirety using a long-PCR technique (Cheng et al. 1994) . Four fishversatile long-PCR primers were used in various combinations to amplify the entire mitogenome in two reactions. The long-PCR products were diluted in Tris-EDTA (TE) buffer (1:19) for subsequent use as PCR templates.
A total of 134 fish-versatile PCR primers were used in various combinations to amplify the contiguous overlapping segments of the entire mitogenome. A list of the PCR primers used in this study is available (from Y.Y.) upon request. Long-PCR and subsequent short-PCR were performed as described previously (Miya and Nishida 1999; Inoue et al. 2003) .
Double-stranded PCR products, purified using an Exo-SAP-IT (USB Corp., Cleveland, OH), were subsequently used for direct cycle sequencing with dye-labeled terminators (Applied Biosystems, Foster City, CA). The primers used were the same as those for PCR. All sequencing reactions were performed according to the manufacturer's instructions. Labeled fragments were analyzed using Model 3100 and 3130 DNA sequencers (Applied Biosystems).
Phylogenetic Analysis
The DNA sequences were edited and analyzed with EditView ver. 1.0.1, AutoAssembler ver. 2.1 (Applied Biosystems), and DNASIS ver. 3.2 (Hitachi Software Engineering, Tokyo, Japan). Thirteen protein-encoding, 22 tRNA, and two rRNA gene sequences for 25 species were aligned using ProAlign ver. 0.5 (Löytynoja and Milinkovitch 2003) . All sequences from L-strand-encoded genes (ND6 and eight tRNA genes) were converted to complementary strand sequences. Deduced amino acid sequences were used for alignment of the protein-encoding genes. ProAlign calculated a posterior probability of the alignment being correct for each site, and regions with posterior probabilities of .70% were used in the phylogenetic analyses. Totals of 11,364, 1,495, and 2,404 nucleotide positions were unambiguously aligned in the sequences of the 13 protein-encoding genes, 22 tRNA genes, and 2 rRNA genes, respectively (a total of 15,263 positions). The aligned data matrix in NEXUS format is available (from Y.Y.) upon request.
We set five partitions, assuming that functional constraints on sequence evolution are more similar within codon positions (or types of molecule) across genes than across codon positions (or types of molecule) within genes, at least for a set of mitochondrial genes. The general time reversible (GTR) model, with some sites assumed to be invariable and with variable sites assumed to follow a discrete gamma distribution (GTR þ I þ C; Yang 1994), was selected as the best-fit model of the nucleotide substitution for each partition on the basis of the Akaike information criteria (Akaike 1973) , using MrModeltest ver. 2.1 (Nylander 2004) . Maximum likelihood (ML) analysis was conducted with RAxML ver. 7.0.4 (Stamatakis 2006) , using the GTR þ I þ C model. We reconstructed an ML tree, simultaneously conducting bootstrap analysis for the best-scoring topology with 1,000 replicates.
To confirm the results of Zhang and He (2008) , we concatenated our data set with 10 of the cyt b and 12S rRNA gene sequences used in their study ( . The combined data set comprising a portion of the cyt b and 12 rRNA gene sequences (total 1,989 bp) from 35 species (24 from Takifugu and 11 from outgroups) was subjected to partitioned ML analysis (four partitions: first, second, and third codon positions of cyt b gene, and 12S rRNA gene) with the ML tree from the mitogenomic data set used as a backbone constraint (-r option in RAxML), assuming that the large data set yields more robust phylogeny.
Divergence Time Estimation
To investigate the relative timings of major cladogenetic events in the genus Takifugu, ultrametric trees were 624 Yamanoue et al. constructed using the nonparametric rate smoothing (NPRS) method (Sanderson 1997 ) based on the ML tree from the mitogenomic data set. Before the method was conducted, a likelihood-ratio test (Huelsenbeck and Crandall 1997) was performed on the ML trees with and without a molecular clock constraint, to establish whether a molecular clock can be accepted. As the test rejected the molecular clock hypothesis, an NPRS tree was constructed using TreeEdit version 1.0 (Rambaut and Charleston 2001) . Although there are no good calibration points based on fossils or biogeography within Tetraodontidae, some previous studies provided disparate divergence time estimates, which can be used for this analysis. Yamanoue et al. (2006) estimated the divergence between the fugu and the green puffer fish at 73 Ma by using whole mitogenome sequences and multiple fossil calibration points with partitioned Bayesian method of Thorne and Kishino (2002) . This estimate was later confirmed by Azuma et al. (2008) , which conducted the same method with more taxa and more calibration points. On the other hand, Hurley et al. (2007) advocated mitogenomic estimations of teleostean divergence times were too old from the viewpoint of fossils and nuclear genes, and Alfaro et al. (2007) showed younger timescales for Tetraodontiformes based on four nuclear and mitochondrial genes with fossil calibration points on the assumption of the emergence of acanthomorphs after 120 Ma. Benton and Donoghue (2007) presented the divergence between the fugu and the green puffer fish at 32.25-56.0 Ma in a timescale solely based on fossils, which is consistent with that of Alfaro et al. (2007) at 36 Ma. Considering this discrepancy between these previous studies, we generated two timescales based on two calibration points: the divergence time between the fugu and the green puffer fish at 73 Ma (Yamanoue et al. 2006) or 36 Ma (Alfaro et al. 2007 ).
Results
The complete L-strand nucleotide sequences from the mitogenomes of the 17 species were deposited in DDBJ/ EMBL/GenBank with the accession numbers shown in table 1. The genome contents of the 17 species included two rRNA, 22 tRNA, and 13 protein-encoding genes, plus the putative control region, as found in other vertebrates. Their gene arrangements were identical to the typical gene order of vertebrates.
Partitioned ML analysis supported monophyly of Takifugu species by the highest statistic values (bootstrap probability [BP] 5 100%), and this was also corroborated by analysis of the combined data set. Although many of the basal relationships among Takifugu species were ambiguous, Takifugu oblongus was confidently placed as a sister of the remaining species of Takifugu. In addition, we found several pairs of closely related species among Takifugu species with high statistic values (BPs 80%), each of which shared a similar coloration pattern on the body ( fig. 2 ).
Zhang and He (2008) also analyzed the phylogenetic relationships of Takifugu species based on a partial sequences from the mitochondrial 12S rRNA and cyt b genes for 17 species of Takifugu (nine of them were not included in our analyses) with two non-Takifugu puffer fishes as outgroups using maximum parsimony (MP), ML, neighbor joining (NJ), and Bayesian methods. Although their resultant tree was poorly resolved for most of the internal branches, analysis of their data combined with ours showed that their sequences of Takifugu species were placed within the genus together with those used in the present study, which supported our hypothesis of explosive speciation of Takifugu species in East Asian waters.
Genetic distances indicated that the following three species combinations have almost the same genetic differences as individuals within a species: 1) T. basilevskianus, T. pseudommus, Takifugu chinensis, and T. rubripes; 2) T. orbimaculatus, T. coronoidus, T. fasciatus, and Takifugu obscurus; 3) T. variomaculatus and Takifugu ocellatus ( fig. 3) . Takifugu chinensis and T. pseudommus were previously proposed to belong to the same species as T. rubripes based on analyses of nuclear and mitochondrial DNA (Song et al. 2001; Reza et al. 2008) . Moreover, we discovered remarkable differences in the sequences of Takifugu niphobles and Takifugu vermicularis between previous data and our own. It would be possible that these differences were due to introgression of mitogenomes due to interspecific hybridization or to human error, such as species misidentification, contamination of DNA, or operational errors in DNA analyses. Therefore, further taxonomic studies based on morphological and molecular analyses are necessary to clarify the identities not only of these species, but also of all Takifugu species. Based on the NPRS correction using 73 Ma as a calibration point for the divergence between fugu and green puffer fish (Node A) based on Yamanoue et al. (2006) , the divergence between Takifugu and Torquigener dates back to 17 Ma (Node B) and T. oblongus diverged from the main lineage of Takifugu species at 6.4 Ma (Node C; fig. 2 ). The basal divergence of the main lineage of Takifugu species (Node D) was estimated to be within 4.7 Ma, during the Pliocene (fig. 2) . Analyses of the mitogenomic data sets indicated explosive speciation of the main lineage of Takifugu species in the limited area of the waters of East Asia, in contrast to their sister species T. oblongus, which has a wide distribution in the Indo-Pacific area, from Japan and Australia to South Africa. The divergence times were compared with other model organisms; this timescale for the speciation of Takifugu species is roughly the same as the divergence of two populations of medaka (4 Ma; Kasahara et al. 2007) , the basal divergence of cichlids in Lake Malawi (2.4-4.6 Ma), and that of tropheine cichlids in Lake Tanganyika (3.0-6.8 Ma), but much older than that in Lake Victoria (0.19-0.27 Ma), and much younger than that in lake Tanganyika (16-36 Ma; Genner et al. 2007 ). On the other hand, based on the calibration point of 36 Ma at Node A based on Alfaro et al. (2007) , an estimate of each divergence was approximately half as old: 8.4 Ma (Node B), 3.3 Ma (Node C), and 2.4 Ma (Node D). In either case, our analysis thus indicated that Takifugu species are very closely related to each other and FIG. 2.-Timescale for the divergence of Takifugu species based on the ML tree using the mitogenomic data set with NPRS correction using calibrations of the fugu (Takifugu rubripes) and the green puffer fish (Tetraodon nigroviridis) (Node A) at 73 Ma. Branches shown in bold were supported by high statistic values (BP 80%). The divergence times were estimated at 17 Ma (Node B), 6.4 Ma (Node C), and 4.7 Ma (Node D). The basal divergence times of cichlids in the Great Lakes (Tanganyika, Malawi, and Victoria) estimated by Genner et al. (2007) were indicated for comparison. Based on the calibrations of Node A at 36 Ma, the divergence times were estimated at 8.4 Ma (Node B), 3.3 Ma (Node C), and 2.4 Ma (Node D), respectively (not shown in this figure) . The illustrations of Takifugu species are reproduced courtesy of the Tokai University Press (Yamada 2000) .
626 Yamanoue et al. underwent explosive speciation in the limited area of the East Asian marine waters.
Discussion
The compact genome of fugu is not generally used as a model system for genetic studies on phenotypic diversity and evolution in comparison to those of close relatives, such as cichlids and sticklebacks. However, Takifugu species have some advantages as a model system: They have compact genomes, the draft sequences of the fugu and green puffer fish genomes are available, and they can reproduce with fertile interspecific crosses (Kai et al. 2005 ). Bolnick and Near (2005) showed that viable hybrid crosses were more likely to occur between more recently diverged taxa and that species pairs that diverged less than 14.6
Ma had possibilities to produce viable hybrids in centrarchid fishes, and accordingly each combination of Takifugu species is expected to produce fertile hybrid crosses, which can be used to discover speciation-related traits (e.g., Noor and Feder 2006) . Indeed, Takifugu interspecific crosses produced by artificial and natural fertilization were found to be viable (Fujita 1967; Masuda et al. 1991; Miyaki et al. 1995; Kai et al. 2005) .
Furthermore, Takifugu species have phenotypic variations, which are expected to improve understanding of speciation mechanisms. For example, each of Takifugu species has a various coloration pattern of body ( fig. 2) , which possibly caused their speciation through the sensory drive as found in cichlids (e.g., Carleton et al. 2005; Parry et al. 2005; Terai et al. 2006; Seehausen et al. 2008) . From the viewpoint of ethology, T. niphobles has unique spawning behavior, which is best documented among FIG. 3.-ML tree using the combined data set composed of cyt b and 12S rRNA gene sequences from Zhang and He (2008) (shown by asterisks) and our mitogenomic data set. Branches shown in bold indicate the backbone tree from ML analysis of the mitogenomic data set, and numbers on internal branches indicate bootstrap probabilities in this analysis (values within Takifugu species or ,50% not shown).
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Takifugu species; spawning occurs in the intertidal beach during evening rising tides around the full and new moons (Yamahira, 1994) . This species was proposed as a model to investigate the role of Vasotocin and Isotocin, which are known to influence various aspects of social and sexual behaviors in vertebrate species because this behavior is unique and sexually dimorphic (Motohashi et al. 2008) . Furthermore, a euryhaline species, T. obscurus, has been proposed as a model organism for use in studies of osmoregulation, which cannot be examined by models of freshwater fishes (Kato et al. 2005 ). Little information is available about the mechanism of speciation in marine environments in contrast to those mainly in brackish and freshwater ones, such as cichlids and sticklebacks, mostly because of the difficulty of raising marine species under laboratory conditions (Palumbi 1994 ). However, this difficulty for Takifugu species has been largely overcome by the development of suitable technology (Kai et al. 2005) . Therefore, we propose that Takifugu species are strong candidates as model systems for use in evolutionary studies of the mechanisms of speciation in marine environments where few such organisms are available.
